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(54) Improvement of amino acid fermentation processes 



(57) The present invention relates to a process for 
the fermentative production of an amino acid which 
comprises the use of phosphorous limited or phospho- 
rous/carbon double limited growth conditions during the 
fermentative production. 
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Description 

The present invention relates to industrial amino acid fermentation processes. 

Amino acids, such as glutamic acid, lysine, threonine, and others, are commercially produced in fermentation proc- 

5 esses, often employing species from the Corynebacterium genus or closely related bacteria. Such fermentation proc- 
esses are usually of the batch type or of the fed-batch type. In batch type fermentations ail nutrients are added at the 
beginning of the fermentation. In fed-batch or extended fed-batch type fermentations one or a number of nutrients are 
continuously supplied to the culture, right from the beginning of the fermentation or after the culture has reached a cer- 
tain age, or when the nutrient(s) which are fed were exhausted from the culture fluid. A variant of the extended batch of 

10 fed-batch type fermentation is the repeated fed-batch or f ill-and-draw fermentation, where part of the contents of the fer- 
menter is removed at some time, for instance when the fermenter is full, while feeding of a nutrient is continued. In this 
way a fermentation can be extended for a longer time. 

Another type of fermentation, the continuous fermentation or chemostat culture, uses continuous feeding of a com- 
plete medium, while culture fluid is continuously or semi-continuously withdrawn in such a way that the volume of the 

75 broth in the fermenter remains approximately constant. A continuous fermentation can in principle be maintained for an 
infinite time. Prolonging a fermentation in this way has a significant positive effect on the over-all fermenter productivity 
(average amount of product formed per hour), because the influence on productivity of the turn-around time (the period 
between two successive runs) is diminished. Although described in the scientific literature for amino acids fermenta- 
tions, the long term continuous fermentation principle is not known to be used in practice for the commercial fermenta- 

20 tive production of amino acids. There are several reasons for the apparent absence of utilization of the continuous 
fermentation technique on industrial scale. One of the main reasons is the phenomenon of culture degeneration. Amino 
acids are normally produced using genetically improved microorganisms, which have been selected for a higher yield 
of the amino acid of interest. Such improved organisms generally loose the growth competition with their parental coun- 
terparts. Reversion of improved strains to a lesser producing variant is a common problem during long term cultivation, 

25 and under competitive conditions this will lead to a loss in culture productivity after some time. 

In a batch fermentation an organism grows until one of the essential nutrients in the medium becomes exhausted, 
or until fermentation conditions become unfavourable (e.g. the pH decreases to a value inhibitory for microbial growth). 
In fed-batch fermentations measures are normally taken to maintain favourable growth conditions, e.g. by using pH con- 
trol, and exhaustion of one or more essential nutrients is prevented by feeding these nutrient(s) to the culture. The 

30 microorganism will continue to grow, at a growth rate dictated by the rate of nutrient feed. Generally a single nutrient, 
very often the carbon source, will become limiting for growth. The same principle applies for a continuous fermentation: 
usually one nutrient in the medium feed is limiting, all other nutrients are in excess. The limiting nutrient wiil be present 
in the culture fluid at a very low concentration, often unmeasurably low. Different types of nutrient limitation can be 
employed. Carbon source limitation is most often used. Other examples are limitation by the nitrogen source, limitation 

35 by oxygen, limitation by a specific nutrient such as a vitamin or an amino acid (in case the microorganism is auxotrophic 
for such a compound), limitation by sulphur and limitation by phosphorous. The latter two types of limitation are less 
common employed, because most organisms require only small amounts of these compounds for growth, and it can be 
difficult to achieve such a limitation during an industrial scale fermentation, especially when raw materials of a complex 
or partly unknown composition are used. In a continuous culture the yield of biomass (the biomass concentration in the 

40 culture fluid which is ultimately obtained, at steady state) is dependent on the concentration of the growth limiting nutri- 
ent in the feed medium, When this concentration is increased, maintaining other nutrients at the same concentration 
level, the biomass concentration in the culture increases until one of the other nutrients becomes limiting. A further 
increase of the concentration of the original limiting nutrient leads to the accumulation of this compound in the culture, 
without a further increase in biomass yield In such a procedure of stepwise increasing the concentration of a limiting 

45 nutrient, it is possible to arrive at a condition of double limitation, characterized by the (almost) complete utilization of 
two different nutrients. This condition of double limitation is very poorly studied at present. 

The present invention concerns the use of a fermentation regime leading to phosphorous limitation or preferably to 
combined phosphorous and carbon limitation, applied in fed-batch or continuous culture systems. It was found that the 
use of such conditions during an industrial scale fermentation leads to remarkable and surprising improvements of the 

so fermentation performance in several aspects. 

The application of a condition of phosphate limitation or preferably a condition of phosphorous-carbon double limi- 
tation is found to have several advantages. For all mentioned aspects, the most optimal condition is a condition close to 
the transition from unitary phosphorous limitation to phosphorous-carbon double limitation. Under phosphorous limita- 
tion accumulation of valuable carbon source in the medium will occur. This is economically less attractive, because a 

55 part of the raw materials remains unused. There might also be an environmental disadvantage, because the culture 
fluid after separation of the amino acid will still have a considerable COD (chemical oxygen demand). According to the 
present process the steady state (or pseudo-steady state in fed-batch culture) is just phosphorous limited, with only a 
slight accumulation of residual sugar, or just in the region of carbon-phosphorous double limitation with both limiting 
nutrients practically exhausted. Advantageously the present invention resulted in an improved yield of product on con- 
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sumed carbon source. 

On a molasses-based medium an improvement in yield of lysine on consumed carbon source was obtained: 0.4 g 
lysine.HCI per g glucose was found under phosphorous/carbon double limitation, as compared with 0.375 g lysine. HCI 
per g glucose found under carbon source limitation (an improvement of 6.6%). 

5 We also found that the present process resulted in an improved fermenter productivity. 

The productivity of a certain fermentation equipment is normally maximized by supplying carbon source at such a 
rate that the oxygen consumption rate just matches the oxygen transfer capacity of the equipment. Supplying carbon 
source at a higher rate will lead to oxygen limitation or to a drop in the dissolved oxygen concentration to a level unfa- 
vourable for amino acid production. The oxygen transfer capacity is determined by the Theological properties of the fer- 

w mentation fluid, and mainly by the available agitation power and the maximum back pressure which can be applied. 
When back pressure and/or agitation power are increased by technological measures, cooling of the fermenter content 
can become limiting. In aerobic processes the heat production is determined by the amount of power input via stirring 
and aeration, and the production of metabolic heat. The latter is known to be proportional to the rate of oxygen con- 
sumption of the process. For either situation, a limited oxygen transfer capacity, or a limited cooling capacity, the over- 

75 all yield of product on oxygen directly determines the maximum productivity of the fermentation equipment. A simple 
formula can express this relationship: productivity (kg product per m 3 per hour) = oxygen transfer capacity 
(Mol 0 2 per m 3 per hour) x yield on oxygen (kg product per Mol 0 2 ) . For a lysine producing fermentation under car- 
bon limitation an average yield on oxygen of 0.0255 kg lysine.HCI per Mol 0 2 was found. Using optimal phospho- 
rous/carbon double limited conditions a yield on oxygen of about 0.030 kg lysine.HCI per Mol 0 2 was found. For a 

20 typical oxygen transfer capacity of a conventional fermentation vessel of 125 Mol 0 2 per m 3 per hour maximum produc- 
tivities of 3.18 kg Lysine.HCI per m 3 per hour under carbon limitation and 3.75 kg Lysine.HCI per m 3 per hour for phos- 
phorous/carbon double limitation were obtained, an improvement of 17% for phosphorous/carbon double limitation in 
comparison with carbon limitation. 

A general phenomenon in long term continuous fermentation of genetically improved strains is degeneration of the 

25 culture productivity after some time. With a lysine producing Corynebacterium glutamicum strain it was invariably found 
that after 300 to 400 hours continuous cultivation at a dilution rate of 0.05 h' 1 (20 to 30 generations) the culture produc- 
tivity suddenly drops to a low value. Surprisingly, under phosphorous limitation and under phosphate/carbon double lim- 
itation this phenomenon did not occur (see Example 2). It is easy to calculate the effect on the average culture 
productivity resulting from the prolongation of fermentation time, for instance from 300 hours to 1000 hours. The pro- 

30 ductivity is proportional to the ratio of the effective production period (T p ) to the total duration of the fermentation, which 
is the effective production period plus the duration of the non-productive batch phase (T b ), plus the time needed for 
cleaning, refilling and sterilization of the fermentation for the next run (T 0 ). The productivity is proportional to 
T p /(T p +T b +T 0 ) . For T b =24 and T 0 =24 a productivity improvement of 10% is obtained when the effective production 
time increases from 300 hours to 1000 hours. 

35 Biomass production is an inevitable by-product of an amino acid fermentation. It is often difficult to find a suitable 
and economic outlet for this by-product. One of the advantages of the use of phosphorous limitation or phosphorous- 
carbon double limitation is a great reduction in biomass production. This is also advantageous for the down stream 
processing of the fermentation broth, as the biomass separation step will require less washing water to obtain a desired 
yield. In Figure 1 it can be seen that the steady state biomass concentration drops sharply when phosphorous becomes 

40 (co-)limiting. The lysine concentration remains at approximately the same level up to the point where unitary phospho- 
rous limitation starts. This means that the specific rate of lysine production (qp, g Lysine.HCI per gram biomass per 
hour) shows a very significant increase. Under carbon limitation the q p for the test strain was about 0.084 gram 
Lysine.HCI per gram biomass (dry weight) per hour when the continuous fermentation was run at a dilution rate of 0.07 
h" 1 . Under phosphorous limitation or phosphorous/carbon double limitation the q p was 0.24 gram Lysine.HCI per gram 

45 biomass (dry weight) per hour, using the same dilution rate. In practice this means that for the same amount of lysine 
produced 65% less biomass is formed under optimal phosphorous/carbon double limitation conditions. 

Legends to the figures 

so Figure 1 shows the concentration of lysine and biomass in the culture fluid as a function of the phosphorous/carbon 
ratio (P/C ratio) in the feed medium for a series of continuous fermentations all using a medium containing 50 g/l glu- 
cose equivalents. The P/C ratio is expressed as mMol phosphorous per Mol consumable carbon. 

Figure 2 shows the concentration of sugar and phosphate in the culture fluid for the same series of fermentations 
as in Figure 1. 

55 Figure 3 shows the yield of Lysine.HCI on consumed oxygen as a function of time, for a typical continuous fermen- 
tation: dilution rate 0.07 h* 1 , carbon source concentration of the feed medium 150 g/l glucose equivalents, oxygen 
uptake rate 1 25 Mol/m 3 /h. 

Figure 4 shows the yield of Lysine.HCI on consumed carbon source for the same fermentation as in Figure 3. 
Figure 5 shows the momentary productivity of the same fermentation as in Figure 3 and Figure 4. 
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Figure 6 sh<3ws the lysine and biomass concentrations in a phosphorous/carbon double limited continuous culture. 
The culture did run for nearly 900 hours at a dilution rate of 0.07 h*\ using a feed medium containing 50 g/l glucose 
equivalents. 

5 Example 1 

In the following a possible protocol is described to establish a long term stable and highly productive fermentation 
for the production of lysine on a medium based on beet molasses, suitable for a fermentation equipment with a maxi- 
mum oxygen transfer capacity of 125 Mol per m 3 per hour, using a dilution rate of 0.07 h* 1 . The protocol can easily be 

10 adapted for other fermentation equipments or for the production of other amino acids using a similar microorganism. 
When other raw materials than molasses are used, the phosphate content of that raw material should be checked. Beet 
molasses contain insignificant amounts of available phosphorous. Low amounts of phosphorous in the raw material are 
tolerable, but the described doses of phosphate should be adjusted. Such an adjustment is also necessary when the 
producing organism has a phosphorous content deviating from the test organism, which had a phosphate content of 

75 0.363 mMol per gram dry weight under phosphorous-limited conditions. When other dilution rates are used, the con- 
centration of carbon source described in the protocol should be adjusted inverse proportional to the dilution rate, in 
order to reach the desired oxygen uptake rate of 125 Mol per m 3 per hour. 

1 . Preparation of the inoculum. 

20 

An inoculum culture is prepared in a shake flask of 500 ml, containing 100 ml of medium suitable for growth of the 
organism. The shake flask is inoculated with a small amount of the microorganism taken from an agar slant or another 
suitable storage form of the strain. When the working volume of the continuous culture is in the order of 10 litres the 
shake flask culture, grown in a rotary shaker to the stationary phase, can be used directly to inoculate this fermentation. 
25 For larger volumes one or more subsequent inoculation phases of increasing volume will be used. 

2. Batch phase medium 

The continuous fermentation is started as a batch fermentation. The fermenter is filled with a medium of the follow- 
30 ing composition: beet molasses diluted with water up to a sugar concentration of 50 gram per kg; per kg medium is 
added: (NH 4 ) 2 S0 4 5 g; KH2PO4 0.225 g; MgS0 4 .7H 2 0 2 g; FeS0 4 .7H 2 0 75 mg; CuS0 4 .5H 2 0 1 mg; ZnS0 4 .7H 2 0 1 .5 
mg; Citric acid 0.5 g; Ca-D-pantothenate 30 mg; Thiamine.HC1 15 mg; Biotin 0.7 mg; Nicotinic acid 40 mg. 

3. Feed media 

35 

Beet molasses is diluted up to a sugar concentration of 150 gram per kg. The same additions per kg medium are 
done as for the batch phase medium. Potassium-dihydrogen-phosphate however is now added to an amount of 0.54 
gram per kg medium. 

A second feed is prepared composed of 85% phosphoric acid (8.75 Mol phosphorous per kg). 

40 

4. Start-up phase of the continuous culture 

The batch medium is inoculated with the inoculum culture. The culture will grow exponentially until the carbon 
source is exhausted, as indicated by a sharp drop in oxygen uptake rata At that time (after 15 to 20 hours, depending 
45 on the inoculum size and viability) feeding of molasses medium and phosphoric acid is started at a rate of 1/3 of the 
final rates. After 1 2 hours of feeding the feed rates are increased to 2/3 of the final rates. After 24 hours of feeding the 
feed rates are set at their final value. Continuous withdrawing of fermentation fluid starts as soon as the working volume 
of the fermenter is reached, and is set at such a flow rate that the volume of the culture fluid in the fermenter remains 
constant. 

50 

5. The continuous phase 

The two feeds (diluted molasses medium and phosphoric acid) are set at flow ratio's of 8750:1 . The total flow is 70 
kg per m 3 working volume per hour, resulting in a dilution rate of 0.07. For instance, for a vessel of 100 litres working 
55 volume this will result in a molasses medium flow rate of 7 kg per hour, and a phosphoric acid flow rate of 0.8 g per hour. 
The carbon source will be limiting from the start of the feeding phase. Phosphorous will become (additionally) limiting 
within 24 hours after the start of feeding. Normally the culture will need some time for adaptation to the condition of 
phosphorous/carbon double limitation, which may result in initial biomass concentrations which are slightly higher than 
in steady state. 
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6. Control of the pH and the ammonia concentration 

Both biomass growth and lysine production results in acidification of the medium. This must be compensated by 
the addition of some base titrant. When pH control at the set-point of 6.8 is done using a mixture of ammonia and 
ammonium sulphate in a 1 :0.8 ratio (based on equimolar nitrogen contents of the two titrants), the addition of NH 4 + will 
approximately match the use of ammonia for growth and lysine production. The set-point for ammonia level control is 1 
g per litre. Small deviations may occur during the fermentation, which can be corrected by adding a suitable amount of 
ammonium sulphate in case the ammonia level is too low, or by temporary switching to sodium carbonate or another 
nitrogen-free base titrant for pH control in case the ammonia concentration becomes too high. 

7. Control of oxygen transfer rate 

The fermentation will be run at an oxygen transfer rate close to the maximum oxygen transfer capacity of the fer- 
mentation system. Variations of the predicted oxygen transfer rate may occur due to small variations in the medium feed 
rate or the carbon source concentration in the feed. When the deviation in oxygen uptake rate exceeds a tolerance level, 
a simple control action is activated, which changes both feed rates and the withdrawal rate in proportion to the deviation 
of the oxygen uptake rate from the desired value (when the oxygen uptake rate is too low, the flow rates are increased). 

8. Control of the degree of phosphorous limitation 

Optimum productivity is obtained when the culture is at the transition point from phosphorous limitation to phospho- 
rous-carbon double limitation. It may be necessary to change the preset ratio of flow rates, for instance due to small 
variations in the actual concentration of either the carbon source or the phosphate/phosphoric acid. A change in the 
flow rate of the phosphoric acid feed is used to change the phosphorous/carbon ratio of the combined feeds without a 
significant effect on the dilution rate. Accumulation of carbon source in the culture fluid is an indication of insufficient 
phosphorous feeding. The phosphoric acid flow rate should be increased when a critical level is exceeded. The degree 
of phosphorous limitation in the region of phosphorous/carbon double limitation can be monitored via the concentration 
of biomass (dry weight). When this concentration exceeds a pre-set value, the flow of phosphoric acid should be 
decreased. 

Example 2 

A lysine over-producing Corynebacterium gfutamicum strain was tested in continuous culture, using different ratios 
of phosphorous and carbon in the feed medium. A diluted beet molasses medium was supplemented with vitamins and 
minerals, and varying amounts of potassium-di-hydrogen phosphate. Sugar was determined by the reducing sugar 
method. A sugar concentration of 50 g/l was used in these experiments. Figure 1 shows the concentrations of lysine (as 
lysine.HCI) and biomass (as dry weight) in the culture fluid as a function of the phosphorous/carbon ratio in the feed 
medium. At low phosphate concentrations in the medium a condition of phosphorous limitation results; at high phos- 
phate concentrations the culture becomes carbon-limited. There appeared to exist an intermediate region of phospho- 
rous-carbon double limitation. In the present example the optimal phosphorous/carbon ratio was 1:1. In general the 
optimal phosphorous/carbon ratio will be between 0.5 to 4.0 depending on the microorganism used and raw materials 
used. The transition points between phosphorous limitation, phosphorous-carbon double limitation, and carbon limita- 
tion are indicated in Figures 1 and 2 by vertical dashed lines. Figure 2 shows the concentration of sugar and phosphate 
in the culture fluid. In Figure 1 shows that the relative concentrations of lysine and biomass in the culture are strongly 
dependent on the degree of phosphorous limitation, with a maximum around the transition from phosphorous limitation 
to phosphorous-carbon double limitation. 

Example 3 

A process as described above was earned out in a 10 litre fermentation vessel. A steady-state oxygen uptake rate 
of 126 mMol per litre per hour was obtained. Figure 3 shows the yield of lysine on oxygen. Rgure 4 shows the yield of 
lysine on consumed carbon source. Figure 5 displays the actual (momentary) productivity of the fermentation system 
per unit broth volume, as a function of the fermentation time. In steady state a productivity of about 3.8 kg lysine.HCI 
per m 3 per hour was obtained. 

Example 4 

A process as described, but with a more diluted medium of 50 g glucose per kg, was carried out in a 1.5 litre fer- 
mentation vessel and was run for 850 hours without any sign of culture degeneration (Figure 6). 
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10 



1 . Process for the fermentative production of an amino acid which comprises the use of phosphorous limited growth 
conditions during the fermentative production. 

2. Process according to claim 1 which further comprises the use of carbon limited growth conditions during the fer- 
mentative production. 

3. Process according to claim 1 or 2 wherein the amino acid is glutamic acid, lysine or threonine. 

4. Process according to any one of claims 1 to 3 whereby during the fermentation a carbon source is continuously 
added. 

5. Process according to any one of claims 1 to 3 whereby during the fermentation a carbon source is discontinuously 
15 added. 

6. Process according to any one of claims 1 to 3 whereby the growth medium is continuously added and whereby the 
growth medium is composed to give the said limited growth condition(s). 

20 7. Process according to any one of claims 1 to 3 whereby during the growth medium is discontinuously added and 
whereby the growth medium is composed to give the said limited growth condition(s). 

8. Process according to any one of claims 1 to 3 whereby phosphorous is supplied in proportion to the supply of con- 
sumable carbon source, using a ratio of at least 0.5 mMol phosphorous per Mol consumable carbon, but not higher 

25 than 4 mMol phosphorous per Mol consumable carbon. 

9. Process according to any one of claims 1 to 3, using a fermentation time of at least 1 00 hours, but preferably more 
than 500 hours. 

30 
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Fig. 1 
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Fig. 2 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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